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Abstract 
 
A number of advanced driver assistance systems (ADAS) are currently being released on the 
market, providing safety functions to the drivers such as collision avoidance, adaptive cruise 
control or enhanced night-vision. These systems however are inherently limited by their 
sensory range: they cannot gather information from outside this range, also called their 
“perceptive horizon”. Cooperative systems are a developing research avenue that aims at 
providing extended safety and comfort functionalities by introducing vehicle-to-vehicle (V2V) 
and vehicle-to-infrastructure (V2I) wireless communications to the road actors. This paper 
presents the problematic of cooperative systems, their advantages and contributions to road 
safety and exposes some limitations related to market penetration, sensors accuracy and 
communications scalability. It explains the issues of how to implement extended perception, 
a central contribution of cooperative systems. The initial steps of an evaluation of data fusion 
architectures for extended perception are exposed. 
 
Résumé 
 
Des systèmes avancés d’assistance à la conduite (ADAS) offrant des fonctions de sécurité 
telles que l’évitement de collision, la régulation de vitesse adaptative ou la vision de nuit sont 
en ce moment mis sur le marché automobile. Ces systèmes cependant sont limités par la 
portée de leurs capteurs : ils ne peuvent pas obtenir des informations hors de cette portée 
que l’on appelle aussi « l’horizon perceptif ». Les systèmes coopératifs, en plein 
développement, cherchent à offrir des fonctions de sécurité et de confort étendues en 
utilisant les communications sans-fil véhicule-à-véhicule (V2V) et véhicule-à-infrastructure 
(V2I). Cet article présente la problématique des systèmes coopératifs, leurs avantages et 
contributions à la sécurité routière et expose quelques limitations liées au taux d’équipement, 
la précision des capteurs et l’extensibilité des communications sans-fil. La problématique de 
l’implémentation de la perception étendue, une contribution centrale des systèmes 
coopératifs, est expliquée. Le design initial d’une évaluation d’architectures de fusion de 
données pour la perception étendue est également abordé. 
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1. INTRODUCTION 
 
Thanks to the widespread availability of electronics in vehicles today, there is an ongoing 
major research effort on ADAS—Advanced Driving Assistance Systems—i.e. active and 
perceptive systems performing comfort and safety tasks. A comfort task is any task that aims 
at improving the driving ease. Usually this category includes cruise control, parking 
assistance, automatic wipers and headlights, etc. One could argue that automated 
gearboxes are also included into this category. These comfort systems might have safety 
benefits, but these benefits are secondary compared to their main task. On the contrary, 
systems have been designed to directly assist the driver for safety tasks; they include the 
ABS, ESP, lane marking crossing alerts, pre-crash autonomous braking, etc. At times, the 
distinction between these two categories might become blurred. For example, adaptive 
cruise control (ACC) uses radar to adapt its speed to the leading vehicle. It offers both a 
comfort (cruise control) and safety (enhanced reaction to the leading vehicle’s behaviour) 
benefit. 
 
Increasingly information is combined from different embedded sensors, allowing a better 
efficiency for critical safety applications. However, these systems have a common point: they 
are limited to a single host-vehicle and, thus, a limited interest zone around this vehicle. To 
overcome this limitation, research on ADAS is now focusing on cooperative systems. Fusion 
of embedded information technology and intervehicular communication technology should 
bring the advent of decentralised information managing systems for driving assistance and 
road safety. Cooperative systems are gathering a lot of interest in the automotive industry 
and research, notably through major research projects such as CIVAV-V in the United 
States, DSSS in Japan and PREVENT, COOPERS, CVIS or SAFESPOT in the European 
Union [1-5].  
 
This paper is organised as follow: a first section will present the current developments of 
cooperative systems in the larger field of automotive intelligent transportation systems, their 
contribution to road safety in general, and crash risk assessment in particular, and eventually 
three limitations that will have a serious impact on cooperative systems’ future deployment if 
left unaccounted for. In a second section we will detail the problem of extended perception 
for driving assistance systems, including augmented map building. We will also outline future 
evaluation of the question whether centralised or decentralised extended perception 
architectures are the most efficient and robust. 
 
 
2. COOPERATIVE SYTEMS: WHAT’S ON? 
 
Cooperative systems aim at creating an integrated network between vehicles and the 
infrastructure based on wireless communications. This continuous communication between 
all the different actors of the road environment supports the design of applications of varying 
complexity, as listed in Table 1. 
 
As they provide the link between all the involved parties, vehicle-to-vehicle (V2V) and 
vehicle-to-infrastructure (V2I or I2V) wireless communications form the core of cooperative 
systems. Their requirements are different from well-understood wired communications and 
have been studied extensively. Eichler et al. [6] and Nagel et al. [7] list the fundamental 
requirements of V2V/V2I communications in scalability, routing and data security. V2V/V2I 
must be scalable. It means communications must provide the same quality of service 
regardless of the number of communicating nodes (i.e. vehicles or roadside units), their 
density or geographic dispersion. V2V/V2I-based networks will be highly variable. The 
positions of nodes and routes between them will vary at a large rate. This volatile nature 
increases the required sophistication of information dissemination and routing techniques as 
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compared with wired networks. Eventually, secure communications are a necessary feature 
to improve the system’s acceptability for the general public [8]. One must have confidence in 
the data integrity of cooperative systems-based applications. To ensure this integrity, 
cryptographic techniques have to be used, so malicious messages are not transmitted and 
attacks prevented. 
 
Respecting these fundamental requirements is not straightforward and brings about issues 
that can make the solution worst than the original problem. For example, cryptographic 
operations will introduce some delays in the transmission of messages [9]. These delays 
must be kept within manageable boundaries unless they will threaten the system’s efficiency. 
 
Category Applications 
Collision prevention 
Crash and breakdown warning  
(other vehicles) Incidents & threats warning 
Weather conditions 
Adaptive and non-adaptive 
speed limits 
Emergency lane usage 
Right of way rules 
Speed limits and  
other regulations information 
Specific manoeuvres banning 
Remote sensing of breakdowns 
and crashes 
Adaptive traffic rerouting Traffic management 
Emergency services (eCall) 
Trade vehicles 
(delivery services, road freight) 
Public transports vehicles Fleet management 
Taxis 
Emergency vehicles 
Tracking Funds, precious or  
dangerous goods transfers 
Adaptive toll collection 
Electronic tolling 
Adaptive insurance 
House networking-vehicle link 
Remote diagnostic 
Geo-activated services 
Other services 
Remote update 
 
Table 1 – ITS applications of cooperative systems 
 
2.1. Contribution to road safety 
 
For road safety, the main contribution of cooperative systems is the extension of one actor’s1 
perception. This feature is provided by the distribution of information sources and can be 
divided into three subjects: (1) perceptive horizon extension, (2) acquisition of valid data on 
surrounding objects and (3) acquisition of non-remotely measurable data. 
 
The perceptive horizon is defined as the limit between the part of the environment that one 
can access with its sensors and the remaining part, which is inaccessible. The term applies 
                                                 
1
 Actor refers here to any intelligent object present in the road environment: driven vehicles, pedestrians, bicycles, etc. 
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to sensors’ range in absolute distance as well as to obstructed areas located within range. 
For a human being, the perceptive horizon is broadly the limit of the eyes’ field of view. 
Vehicle-embedded sensors can extend this human perceptive horizon. One example is night-
vision cameras that are now fitted on high-end vehicles. However, this extension is not 
always in absolute range. For example a vehicle-embedded radar has a range of about 200 
metres. It does not extend the driver’s visual perceptive horizon: in clear conditions, drivers 
can perceive objects much further than 200 metres. Nevertheless, this radar has two uses. 
At first, it will provide information to the driver that is normally difficult to perceive with the 
eyes only. One example is the relative speed of other vehicles. Then, this radar will also 
enable ADAS to become perceptive. This is the case of ACC vs. simpler cruise control. 
 
In the former case, one speaks of perception enrichment. Enriching perception consists in 
obtaining data that cannot be remotely measured with the available sensors. For example no 
sensors can remotely measure the vigilance state of other vehicles’ drivers. Thus, obtaining 
some information about this state is a form of perception enrichment. Similarly, transmitting 
the state of pedals to other vehicles is a form of perception enrichment. 
 
Some examples of this perception extension and enrichment by cooperative systems can be 
quoted. Wender and Dietmayer [10] combine an ego-vehicle2 embedded laser scanner with 
positioning data transmitted from other vehicles. New objects received via the 
communications extend the ego-vehicle’s perception, while objects measured by the laser 
scanner are enriched by transmitted data. Von Arnim et al. [11] have shown that 
radiofrequency communications and infrared beacons mounted on vehicles and 
infrastructure items can be used to detect road signs and enable cooperative traffic lights. 
Hidden road signs can be detected, and long-range identification by stereovision cameras 
can be confirmed. The traffic lights’ state can be forwarded to drivers even if they are hidden 
from view. 
 
Based on this perception extension, there are a number of safety applications for cooperative 
systems. One of the most common is collision prevention. Figure 1 presents different safety 
applications classified according to their category and “timeframe” relative to the crash. The 
left side represents a time far before the crash, i.e. minutes before it. As one moves 
rightward on the time axis, one get closer of the actual crash and the available time to react 
shrinks. Applications slides progressively from information to active vehicle control. In the 
bottom part, several safety cooperative applications are shown (except during the crash, 
where passive non-cooperative safety systems are shown). The down-most graph shows the 
capability of two different radio technologies to support cooperative applications. Because of 
the latencies introduced by their specific architectures, cellular technologies are not adapted 
to critical short-term safety applications. 
 
Cooperative driving [12], listed on Figure 1 but not in Table 1, especially in the form of 
platooning, is the earliest form of research on cooperative systems [13, 14]. One can also 
mention the specific niche, especially in Japan, of elderly drivers assistance [15] that falls 
between cooperative driving and hazard warning. 
 
                                                 
2
 The ego-vehicle is the host vehicle on which the system is run. 
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Figure 1 – Cooperative safety applications potential 
 
Cooperative collision prevention or warning (CCW), a form of crash risk assessment, is the 
application of cooperative systems that has received the most interest. CCW uses perception 
extension to provide early warning of impending collisions. Active cooperative collision 
avoidance is a future evolution of CCW. Two “schools of thought” can be distinguished into 
the research on CCW, an assessment that is confirmed by Batz et al. [16]. One has a 
“proprioceptive3 and positioning” school (PP school) versus a “hybrid” school. 
 
The PP school argues that exteroceptive4 sensors, such as laser scanners or radars, are too 
expensive to be mass commercialised, at least to the short-to-medium term. It aims at 
providing efficient CCW based solely on the exchange of positioning data obtained from 
affordable sensors (GPS). Proprioceptive data (acceleration, speed, heading, etc.) can be 
used to correct or enhance GPS data. This school of thought is currently relatively 
successful. For example, Lytrivis et al. [17] have developed a trajectory prediction system 
based on the propagation of positioning and inertial data. These data are then coupled with 
the precise knowledge of the road environment obtained from digital maps. Ammoun et al. 
[18] described a system where only corrected GPS data are propagated between vehicles. 
Collision probability at intersections is then assessed from predicted trajectories with Kalman 
Filtering. From the same authors, in [19] CCW is provided for lane change manoeuvres.  
 
The hybrid school argues that PP sensors and intervehicular communications alone are not 
robust enough for safety applications. Indeed, they can only function well in a homogeneous 
environment: all vehicles have to be similarly equipped and non-equipped actors will remain 
invisible. PP systems require a precise positioning system and a constantly available 
communication medium [16]. The hybrid school thus aims at using the perception capacity of 
exteroceptive sensors to complement PP sensors. For example, Wender and Dietmayer [10] 
have laser scanners for local exteroceptive perception and receive positioning (DGPS5) and 
motion (speed, heading, yaw amplitude and imperfections on each) data from other vehicles. 
Chan and Bougler [20] presented a V2I-based CCW system for left turns at urban 
intersections. A vehicle sends some data (notably its DGPS-measured position) to a server 
that manages the intersection. The server also receives data from a roadside radar. The 
server assesses crash risk after fusing information from these two sources and broadcast it 
back to the vehicle.  
                                                 
3
 Proprioceptive sensors can represent a physical phenomenon proper (internal) to a system, e.g. a speedometer. 
4
 Exteroceptive sensors can represent a physical phenomenon that is external to a system, e.g. a radar.   
5
 Differential GPS. It can achieve centimetric precision but requires a supporting infrastructure. 
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2.2. Limitations of current CCW systems 
 
Three major limitations can be identified in the CCW systems, applying more generally to all 
cooperative safety systems. In particular, these limitations have a stark effect on CCW 
systems made under the PP school. These limitations are sensitiveness (1) to market 
penetration, (2) to sensors’ characteristics when one type of sensor (GPS) is dominant, and 
(3) to communication scalability issues.  
 
2.2.1. Market penetration 
 
The PP school is at an advantage because it is based on affordable sensors and simpler 
architectures. However, PP systems require a highly homogeneous environment, i.e. a high 
penetration rate within the fleet. These systems have high theoretical benefits [21], but these 
benefits might be seriously undermined in heterogeneous environments. Takatori and 
Hasegawa [22] have shown that while CCW-equipped vehicle might benefit from positive 
effects between 20 and 60% of market penetration, it is only above 60% that positive effects 
become really noticeable for the whole fleet.  
 
Reaching just 20% of market penetration takes a certain amount of time. Let us assume a 
simple model of the probability for a vehicle to be equipped at any given year after the 
system’s release, as shown in equation (1). Given a fleet of 135.9 million vehicles (Ntotal), with 
7.6 million new vehicles each year (Nnew) [23], a first year market penetration of 0.05% (E), 
an increase of 50% of the market penetration in new vehicles each year (i), one can compute 
the time (y) it would take to reach 20% of overall market penetration.  
 
 
(1) 
 
20 years would be required to reach 20%, taking into account no retrofitting of older vehicles. 
The system’s deployment can be quickened if regulation imposes it on all vehicles. However, 
it remains impractical to impose it on vehicles currently in service. Imposing it on all new 
vehicles is a more realistic option. With equation (1), it would take just 4 years to reach a 
20% market penetration, and 18 years for a completely equipped fleet. Achieving such rates 
requires strong government leadership and a standard that is accepted by all vehicles 
manufacturers throughout the world. Without a concerted effort, the market penetration rate 
will remain smaller. In 2002, ACC was fitted on 0.05% of newly manufactured Toyota 
vehicles in the United States [24]. At this rate, only 1 in 1900 vehicles would be equipped 
after 5 years. At this level, the “network effect syndrome” [25] might hinder the system’s 
deployment and acceptability because quality of service is not so good for early users. 
 
One must thus ensure that a system remains functional in heterogeneous environments (i.e. 
at low market penetration rates) and encourage its diffusion among road users. From a 
marketing point of view, Eichler et al. [6] suggest developing initially comfort-orientated V2I 
applications so customers will be enticed to invest quickly in communication-capable 
vehicles. After about one decade, PP-based safety systems could be introduced into this 
more mature market, at a higher initial market penetration rate. From a technical point of 
view, systems must be developed to be robust in heterogeneous environments. This 
robustness has not been demonstrated for most PP cooperative systems. Some studies, 
such as Mourllion’s [26], showed benefits with lower market penetration rates but this is 
generally not the case. Unless it can be demonstrated that a PP-based CCW can function 
with a very low number of equipped vehicles, researchers should aim at using exteroceptive 
perception. Local exteroceptive perception will complement PP-based CCW by providing a 
data source that is independent of other vehicles. Extended perception might provide similar 
( )121 )(...)()(1)( −++++××= y
total
new iiiE
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benefits. Assessing the benefits of extended perception for CCW, especially at low market 
penetration, should be an important research avenue in the future. 
 
2.2.2. Sensitiveness to GPS characteristics  
 
Collision prevention has the most stringent requirements in terms of positioning precision, 
usually sub-metric. Shladover and Tan [27] have shown that applications such as stop sign 
violation or crossing paths warning at unmonitored intersections can accommodate only 2 to 
3 metres of accuracy. However, critical applications (forward collision prevention, blind spot 
warning, etc.) require less than a metre to be credible, and around 50 cm to provide a high 
quality service. PP-based CCW requires that positioning and motion sensors perform with 
accuracies within the aforementioned scope in order to provide any safety benefit. 
 
Sub-metric precision is well within the accuracy range of enhanced GPS systems such as 
differential GSP (DGPS) or Carrier-Phase Enhanced GPS also known as Real Time 
Kinematic (RTK) GPS. Both offer sub-metric accuracy, RTK GPS being able to reach 1 to 5 
centimetres in accuracy [28, 29]. Unfortunately, mainstream GPS receivers do not have the 
same kind of accuracy. At best, these systems have an accuracy in the range of 2 to 6 
metres [30]. It can degrade significantly in some kind of environments that occlude satellite 
signals, such as urban areas and forests. PP-based CCW is designed to use mainstream 
GPS that are cheaper than enhanced ones. A mainstream receiver costs usually less than 
$500 while enhanced systems cost thousands of dollars. Furthermore, they require a support 
infrastructure in the vicinity. However, as mentioned above, it is unlikely that mainstream 
GPS are able to meet the requirements of real-time safety applications. Chan and Bougler 
[20], who used a DGPS-based system for left-turn CCW, clearly noted that their system 
would likely not be able to use mainstream GPS. One possible way to solve this problem, 
employed by the PP school, is to fuse GPS data with inertial sensors data, as proposed for 
example in Lytrivis et al. [17] or Rezaei and Sengupta [31]. The accuracy of positioning can 
be increased, but GPS nonetheless remains the main sensor. Inertial sensors alone cannot 
be used over extended periods of time to accurately locate a vehicle.   
 
One must also consider the question of GPS outage. GPS can be rendered unavailable 
simply by driving in enclosed areas (tunnels, underground car parks, etc.), or if the number of 
visible satellites is not large enough (about 5% of Earth’s surface at any moment is not 
covered by any GPS signal). A system such as the lane change CCW by Ammoun et al. [19] 
is extremely vulnerable to a GPS outage. Efforts have been directed at trying to fix this issue 
and allow positioning data to be obtained during outages. Dead-reckoning might be used for 
relatively short-term outages, with speed and heading information [32, 33]. Another idea 
developed by Kukshya et al. [34] is to use direct radio-ranging between the vehicles.  
 
Obviously, the use of exteroceptive sensor(s) to supplement GPS data would be worthy (as 
for example the laser scanner-enhanced GPS of Jabbour and Bonnifait [35]) but they fall out 
of the scope of what the PP school is trying to achieve. 
 
2.2.3. Communications scalability 
 
The lack of scalability in V2V/V2I communications is a serious issue that express itself as the 
broadcast storm (Tseng et al. [36]). The storm itself can arise in communications using 
CSMA/CA6 access methods. As CSMA/CA is used by IEEE7 802.11 technologies8, it is 
particularly relevant to V2V/V2I (IEEE 802.11p is a substandard developed specifically for 
ITS). Essentially, the broadcast storm is a problem of communications saturation. Such 
conditions arise when too many nodes try to communicate at the same time on the shared 
                                                 
6
 Carrier Sense Multiple Access with Collision Avoidance. 
7
 Institute of Electrical and Electronics Engineers, the world’s largest technical professional organisation. 
8
 The IEEE 802.11 standard is notably used for WiFi wireless networks. 
Proceedings of the 20th Canadian Multidisciplinary Road Safety Conference, 
Niagara Falls, Ontario, June 6-9, 2010 
Compte-rendu de la 20e Conférence canadienne multidisciplinaire sur la sécurité routière, 
Niagara Falls, Ontario, 6-9 juin 2010 
8 
medium (here the radio spectrum). In these conditions, the throughput (or bandwidth) is 
reduced as expressed by equation (2) (where n is the number of communicating nodes) [37]. 
Similarly, the probability to receive a message becomes chaotic [38]. 
 
(2) 
 
In the context of V2V/V2I communications, saturation leads to latency, sometime severe. 
This means that as long as no communication technology with the guaranteed throughput 
can be deployed, it is important to ensure that a CCW system—or really any other critical 
safety cooperative application—is designed to account for these latencies. CCW relying 
completely on data transmitted via the network to locate other vehicles will be strongly 
affected by this problem [16]. This shows an additional difficulty affecting the PP approach.  
 
 
3. EXTENDED PERCEPTION 
 
3.1. Applications-independent perception  
 
As mentioned in the previous section, cooperative systems enable the extension of 
perception, aiming at benefiting from information gathered by multiple actors at the same 
time. In the previous section, we have mostly discussed the issues with the PP approach. 
The hybrid approach makes a deeper use of extended perception and is likely to provide 
answers to all the PP approach’s issues, providing exteroceptive data are also exchanged. 
 
Extended perception materialises in the form of augmented maps. Maps are way to 
represent the environment as perceived by the system. Any vehicle with sensors will build its 
own local map. An augmented map is a map that combines local and extended information. 
Figure 2 shows an augmented map as defined within the SAFESPOT project. This 
augmented map is already a complex example that includes several layers of different 
information. The layer labelled “com node fusion result” is already an augmented map in 
itself, displaying PP information from remote vehicles. 
 
 
 
Figure 2 – An augmented map 
 
The common approach to design extended perception so far is to adapt the perception 
architecture to the specific needs of an application. It is thus difficult to use this same 
perception for applications that have different needs and objectives. In this paper, we want to 
recommend dissociating extended perception from applications. If extended perception is 
( )nn log
1
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build independently from any application, it will be more versatile. All available information 
will be used by the perceptive system and “customer” applications will then communicate 
with the perceptive system to gather the information they need. Furthermore, this application-
independent perception should be based on the hybrid approach. We have discussed in the 
previous section the limitations that strongly apply to PP-based CCW, and how exteroceptive 
perception can be used to tackle these limitations. However, one would note that in the 
examples we quote in section 2.1., exteroceptive data are not transmitted over V2V/V2I 
networks. In most cases, the exchange of exteroceptive data remains unexplored. Further 
research should be aimed at assessing the feasibility of exteroceptive data exchange. 
Having access to a more complete representation of the surrounding environment allows 
anticipating its future evolution. This anticipation is likely to become an essential feature of 
cooperative systems. With CCW, it means being able to anticipate the motion and behaviour 
of numerous other vehicles. With crash risk assessment in general, it means being able to 
anticipate the evolution of the road environment to, in turns, anticipate the evolution of a 
situation’s risk. To reach the required representation richness, exteroceptive data need to be 
exchanged. No research so far has comprehensively assessed this exchange, nor assessed 
the building of an application-independent extended perception. 
 
3.2. Building extended perception 
 
There is no prior privileged architecture to build extended perception. What is the best 
architecture to represent the driving environment with the highest reliability, robustness and 
completeness remains an open question. Let us examine in this section the two major 
families of architecture. They consider a different answer to the question “where to locate the 
map-building process”. One can indeed consider that each vehicle will build its own 
augmented map, fusing its local map and information received from remote locations. This 
decentralised approach leads to a really distributed processing, but has certain requirements 
in terms of communication availability and data independence. On the other hand, one can 
equally consider that a server should be in charge of building the augmented map for a 
defined geographic area. This centralised map would then be used by server-side 
applications or transmitted back to vehicles. Eventually, it is possible to mix these two 
approaches. One hybrid example can be found in scatternets, similar in principle to the 
networks used by Bluetooth devices. In this example, numerous groups of vehicles, each led 
by a master vehicle centralising the processing for its group, interact with each other. Some 
advantages and disadvantages for centralised and decentralised architectures are 
summarised in table 2. 
 
Another defining feature is the type of exchanged data. The fact that exteroceptive data are 
rarely considered in current research has already been mentioned. However, exteroceptive 
vs. positioning data does not describe the whole issue. Data can be either raw or processed. 
Using raw data is straightforward: vehicles and roadside sensors send sensor data via a 
constant streaming to other actors or the local server. For the actors receiving these data, it 
is equivalent to having another set of embedded sensors. On the other hand, processed data 
can also be exchanged. Sensor data are at first processed by local data fusion systems and 
then sent to remote actors. This approach requires less communication load, especially 
when high-frequency sensors are used. There are indications that raw data exchange is 
probably more appropriate for limited scale applications in mobile robotics [28] or small scale 
wireless sensors networks [39]. 
 
The extended perception’s domain is another consideration. The domain represents all the 
area that is covered by the augmented map. Theoretically, it is possible to cover a 
considerable area, but this is impractical for road safety. Indeed, it will be limited by elements 
such as the chosen architecture and available technologies. In a decentralised approach, 
each vehicle has a map centred upon itself. In a centralised approach, the map size is 
adjusted to the intended coverage area. In the application-independent approach we aim at 
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following, the map’s size should also be independent of the range required by any specific 
application. However, the requirements of some critical applications such as CCW will still be 
taken into account. Indeed, CCW requires some margin to detect or anticipate on a 
dangerous situation. Mourllion [26] proposes to take into account a 500 metres radius, 
equivalent to 15 seconds at 130 km/h. Eventually, the type of information represented in the 
map will also influence its size. A multi-layered map with varying granularity should have 
layers of different sizes, with the size of layers the inverse proportionate of the represented 
information’s complexity. In general, it is obvious that the map’s radius cannot shrink under a 
certain threshold unless some dangerous items might enter the perception range too late to 
be avoided. The range of communication technologies will have an influence, although 
relaying information through multiple actors allows extending the map beyond the range of a 
single communication unit. On the other hand, if the communication range exceeds the map 
radius one must discriminate between relevant and non-relevant distant data. However, 
given the limitations of popular V2V/V2I technologies (IEEE 802.11 for example), the 
communication range will likely be smaller than the map’s total size, especially in urban 
environments. 
 
Architecture Advantages Disadvantages 
Decentralised with raw data 
exchange  Direct use of raw sensors data 
 High communication medium 
load 
 Sensors heterogeneity 
 More complex synchronisation 
 Probably limited to small groups 
Decentralised with processed data 
exchange 
 Large groups possible 
 Reduced communication 
medium load 
 Distribution of the map-building 
process (more failure resilient) 
 Data independence must be 
ensured 
Centralised 
 Large computing power 
available for map-building and 
post-processing applications 
 Simpler architecture, with non-
mobile network elements 
 Simpler use of smaller-scale 
digital maps 
 Limited issues with data 
independence 
 Increased vulnerability to server 
failure 
 Might be impractical for large 
coverage areas 
 
Table 2 – Advantages and disadvantages of extended perception architectures 
 
 
3.3. Evaluation of extended perception architectures 
 
The authors’ ongoing project proposes to evaluate different extended perception 
architectures to gain more knowledge on their advantages and limitations. A number of 
different centralised and decentralised architectures will be constructed. These architectures 
will then be fed with ground-truth data collected during a series of experiments. Data will be 
collected for scenarios played out in controlled closed environments, as well as public road 
networks (open environment). The intended outcome of these experiments is to provide a 
solid answer to the open question mentioned at the beginning of subsection 3.2. 
 
The local and extended fusion systems will use similar techniques. Decentralised fusion 
approaches are considered, as they allow adapting processing to each sensor type and are 
more robust to sensor defect. Otherwise, Kalman filtering will likely be used for tracking and 
spatiotemporal synchronisation; Belief theory for data association (based on work by Gruyer 
and Royère [40, 41] for local perception and Mourllion [26] for extended perception). The 
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results of the comparison between the quality of the extended perception obtained by these 
various architectures and techniques shall be presented in a future paper. 
 
 
4. CONCLUSION 
 
In this paper, after having examined the current developments of cooperative systems, we 
have listed their advantages for road safety in general and crash risk assessment in 
particular. We also have exposed some fundamental limitations of cooperative systems that 
must be accounted for and solved before any commercially-viable cooperation-based system 
can be rolled out on the mainstream market. Then we have taken a look at extended 
perception and formulated recommendations concerning the independence of extended 
perception relative to applications using it. Furthermore, the issues surrounding the 
construction of extended perception have been explored. Major questions pertinent to this 
construction, such as the choice between a centralised or decentralised architecture, have 
been identified as future research avenues for cooperative systems. 
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